Individual-level variation arising from responses to environmental gradients influences population and community dynamics. How such responses empirically relate to the mechanisms that govern species coexistence is, however, poorly understood. Previous results from l ake phytoplankton communities suggested that the evenness of organismal traits in multiple dimensions increases with resource limitation, possibly due to resource partitioning at the individual level. Here we experimentally tested the emergence of this pattern by growing two phytoplankton species (Pseudokirchneriella subcapitata and Microcystis aeruginosa) under a gradient of light intensity, in monoculture and jointly. Under low light (resource) conditions, the populations diversified into a wide range of phenotypes, which were evenly distributed in multidimensional trait space (defined by four pigment-related trait dimensions), consistent with the observed field pattern. Our interpretation is that under conditions of light limitation, individual phytoplankton cells alter photosynthetic traits to reduce overlap in light acquisition, acquiring unexploited resources and thereby likely maximising individual success. Our results provide prime experimental evidence that resource limitation increases the evenness of conspecific and heterospecific microbial phenotypes along trait axes, advancing our understanding of trait-based coexistence.
Introduction
Many processes that are fundamental to community assembly, such as responses to abiotic gradients, direct species interactions (e.g., predation, parasitism), and competition (interspecific as well as intraspecific), act at the level of individual organisms at the smallest temporal and spatial scales [1, 2] . Stabilising mechanisms of coexistence explicitly invoke the relative importance of intraspecific vs. interspecific competition [3] . Recent studies have bolstered the case for the influence of individual-level trait variation on community assembly and species coexistence [4] [5] [6] [7] [8] [9] [10] [11] .
Individual-level variation in traits is a feature common to all species, including clonal and microbial populations [12] . Limitation and fluctuations in resources are important drivers of intraspecific phenotypic heterogeneity, which favours population fitness [12] [13] [14] . For example, NH 4 + limitation can trigger an increase in phenotypic heterogeneity in the N 2 -fixing bacterium Klebsiella oxytoca, which proves beneficial under resource fluctuations [13] . A decrease in availability of resources like phosphorus and light in lakes was also shown to induce greater evenness (i.e., regularity) of phytoplankton cells' traits, possibly to minimise competition for limiting resources [15] . The latter community-wide pattern observed in nature is probably a consequence of phenotypic changes induced by plasticity and/or selection that stabilise coexistence by allowing for resource partitioning among individuals and species. For instance, the relative composition and amount of pigments may allow phytoplankton species to partition the light spectrum; different wavelengths can be absorbed in different proportions depending on pigmentation [16, 17] .
In this study, we experimentally tested the hypothesis that limitation in resource supply, specifically light availability, increases phenotypic heterogeneity (i.e., the evenness of the photosynthetic trait distribution measured by scanning flow-cytometry) among individual cells. Under competition for light, individual organisms should adjust pigment composition to capture different wavelengths of the light spectrum and reduce niche overlap. This has been observed at the species level [17] , and should emerge from both intra-and interspecific competition. Here we exposed two phytoplankton species belonging to different functional groups (the green alga Pseudokirchneriella subcapitata and the cyanobacterium Microcystis aeruginosa) to six different light intensities (Fig. 1) , and quantified cell density and trait evenness over time and after reaching carrying capacity. The two species utilise the light spectrum in different ways: both possess chlorophyll (which captures light in the blue and red portions of the visible spectrum), while M. aeruginosa also possesses the accessory pigment phycocyanin (which captures light in the green-yellow portion, for the most part inaccessible to P. subcapitata) [18] . Monocultures were tested under direct light and under light passing through a culture of the competing species (hereafter indirect light). In this way, we simulated the effects of competition for light intensity and different parts of the spectrum, while excluding direct interspecific interactions (such as through allelopathy). Additionally, we also tested a mixture of the two species (under direct light only) to account for direct interactions between cells.
If competitive interactions between individual organisms are the driving force of even spacing in acclimating phenotypes, we expect that the rate of change in trait evenness will range from positive to increasingly negative values as light intensity increases (Fig. 2) . Under high levels of light, organisms should be freely distributed in multidimensional trait space or shift towards a few optimal trait combinations, leading to a decrease in trait evenness over time. Trait evenness has a maximum possible value (Fig. 2 , dotted black line tending to a horizontal asymptote) and should reach a minimum as cell densities eventually induce resource limitation and competition, and therefore an increase in trait evenness (Fig. 2 , blue and orange bands indicating a possible reversal of the curves). Our experiment examined the initial response, which can be approximated by a straight line (Fig. 2) . Trait evenness values at carrying capacity should also be inversely proportional to light intensity.
Materials and methods

Experimental conditions and culture acclimation
In a climate-controlled room with constant temperature of 20°C, we set up six different light regimes. Osram T8 L De Luxe 36 W 954 G13 Lumilux lights were placed under Plexiglas supports of varying height. The support elevation and several meshes (black and white) were used to vary light intensity (more details on experimental setup in Supplementary Table S1 ). The ranges of the resulting light intensities (in μE m The initial trait evenness of our test cultures was therefore supposed to be similar at the beginning of the experiment (Fig. 2 , dashed green baseline). Replicated cultures were transferred to the different experimental light regimes 10 days before starting the experiment. We diluted with WC-medium the content of the Erlenmeyer flasks (batch cultures) into cell culture bottles (Faust Lab Science, product number TPP90301) closed with filter caps that allow gas transfer. We applied a 1:20 dilution of the original cultures for all but the two lowest light intensities (1:10 in this case, as we expected a much slower growth under low light regimes), with mixed cultures having equal volumes of the two species, and obtained a final volume of 200 ml in each cell culture bottle.
Experimental design
We obtained a total of six units in every light treatment compartment: cultures placed on top of each other (P. subcapitata above-and shaded by-M. aeruginosa, plus M. aeruginosa above P. subcapitata, two replicates each) and mixed cultures (two replicates) (Fig. 1) . In this way, monocultures of P. subcapitata and M. aeruginosa were subjected to both direct and indirect light (cell culture bottles were narrow and so did not totally block incoming light), while mixed cultures always experienced direct light. The position of these units within the light treatment compartments was randomised and shuffled regularly. The experimental design is illustrated in Fig. 1 .
Logistic growth and carrying capacity
Cell counts from scanning flow-cytometry were used to derive cell density of each sample. We fitted a logistic growth curve to cell density data from each of the replicates using the function gcFitModel (grofit package, [19] ) to obtain carrying capacity estimates (details in Supplementary  Table S2 ). gcFitModel fits several parametric models to growth data, and automatically select the most parsimonious one. Here are the equations of the models in our study:
where A is the carrying capacity, µ is the maximum slope, λ is the lag-phase, ν is the degree of asymmetry, and t is time. R 2 values, calculated regressing observed against fitted values, ranged from 0.845 and 0.996 (Supplementary  Table S2 ). In each replicated growth curve ( Supplementary  Fig. S1 -S6) we identified the first time point with density equal to or greater than the carrying capacity estimate. We defined all time points after reaching carrying capacity as the period of maximum competition for resources among individuals, which allowed a meaningful comparison of trait evenness across treatments, independent of the different temporal trajectories, by controlling for the effect of population-specific growth over time.
Culture maintenance and sampling protocol ) were additionally sampled on the 4th, 6th, and 14th of April, and the very lowest also on the 29th of April and on the 11th of May. These additional sampling dates allowed all treatments but the lowest to reach carrying capacity (as defined in the paragraph "Logistic growth and carrying capacity"). At each sampling date we collected 1.5 ml from all cultures in Eppendorf tubes and fixed it with 0.01% paraformaldehyde and 0.1% glutaraldehyde for scanning flow-cytometry analyses.
Scanning flow-cytometry measurements
We characterised the fluorescence profile (related to light acquisition strategy) of individual cells in each population/ community using scanning flow-cytometry. The instrument we used (www.cytobuoy.com, Woerden, The Netherlands) is able to capture scattering and pigment fluorescence of algal cells in a time resolved mode (scanning) [20] [21] [22] . The instrument is specifically designed for high resolution scanning of freshwater phytoplankton pigment fluorescence emission. The scanning flow-cytometer was equipped with two laser beams (coherent solid-state sapphire) with excitation wavelengths of 488 nm (blue light) and 635 nm (red light), which can excite both the primary and some accessory algal pigments. Four detectors captured emitted pigment fluorescence in the red (677-700 nm, mainly chlorophyll-a), orange (650-677 nm, for phycocyanin), yellow (590-620 nm, for phycoerythrin), and green (550-570 nm, for carotenoids) ranges. Data acquisition during this study was triggered by sideward scattering (SWS signal, trigger threshold 30 mV), and the flow speed was set to 1.05 μl s −1
. We measured approximately between 6000 and 99,000 cells depending on cell densities.
Applying a clustering algorithm (flowPeaks package, [19] ) to a subset of 100,000 particles built by randomly sampling an equal number of particles from all experimental samples, we were able to define distinct clusters of organic debris/suspended solids (characterized by low FL), P. subcapitata and M. aeruginosa (the second having a lower red to orange fluorescence ratio). Using this sample dataset, we trained a random forest classifying algorithm [23, 24] and assigned every particle in the whole dataset to one of the three abovementioned categories. The data cleaning and clustering procedure is described in detail in Thomas et al. [25] .
Individual-based trait distribution
The regularity in the distribution of individual cells in multidimensional trait space was quantified for all samples using the TED index ('trait even distribution'; [26] ), which compares the probability density function (kernel density estimation) of pairwise distances between individuals in a target population or community and in a perfectly even reference trait distribution. For the calculation of this multivariate index four traits derived from scanning flow-cyometry were used, which should reflect ability to compete for light: total fluorescence in each of the red, orange, yellow and green channels. These traits are associated with pigment quantity and activity, and are therefore indicators of relative investment of individual cells in capturing different portions of the light spectrum [15, 21, 27] . A subset of 5000 randomly selected cells was used to calculate TED. For mixed cultures, we additionally calculated species-specific TED indices with a random subset of 1000 cells for each species. To better understand and interpret complex changes in multidimensional trait distributions, we also calculated the TOP index of trait richness ('trait onion peeling'; [26] ) using the same subsets of cells used for TED. TOP is a measure that takes into account all individual phenotypes (including intermediate ones), and thus does not simply represent a multidimensional range but rather an estimation of the trait space effectively covered by individuals [26] . The area of the convex hull containing all phenotypes in multidimensional trait space is determined, and the successive area is calculated upon removal of the previous convex hull's vertices. This procedure continues until all phenotypes are included, and the sum of all areas obtained is the TOP index. A visual explanation of TED and TOP index is provided in Supplementary Fig. S7 .
Statistical analyses
Our experiment covered a time interval insufficient to detect clear curvilinear trends, and we expected the response to be approximately linear at the beginning (Fig. 2) . Therefore, we used simple linear regressions as the most parsimonious common approach for all analyses (after checking model assumptions visually).
To test whether trait evenness represented a response to light limitation, we performed two different analyses considering P. subcapitata and M. aeruginosa separately. First, we fitted linear regressions for each treatment combination (of light intensity and shading) separately (Fig. 3) , with date of sampling as predictor and TED as response variable. All slope estimates were then included as response variable in linear models, using least squares. Points were weighted by the inverse of their standard errors (to account for uncertainty in the slope estimates) and light intensity midpoint (mean value of minimum and maximum measured for each treatment) used as predictor. Second, using the time points at carrying capacity detected in replicates (as defined in the paragraph "Logistic growth and carrying capacity"), we fitted linear models to test the relationship between light intensity midpoint (predictor) and TED at carrying capacity. Replicates of the lowest light treatment did not reach carrying capacity and consequently were omitted from these linear models. This analysis aimed at testing the influence of light intensity on TED by correcting for its temporal change, which varied among different cultures. Analysis of covariance (ANCOVA) was used to test whether competition treatments ("direct light", "indirect light" and "mixed cultures") influenced the effect of light intensity on the rate of change of TED and TED at carrying capacity in the two above-mentioned analyses. To this end, using the function aov [19] we included the interaction between shading and light intensity in the global models. We calculated type-III analysis-of-variance tables (orthogonal contrasts setting) with the function Anova (car package, [19] ) to perform F-tests on the explanatory variables.
Results
All results were consistent with the expectation that decreasing light intensity induces an increase in the evenness of individual phytoplankton in multidimensional photosynthetic trait space.
Trait evenness (characterised by the TED index) decreased over time at all but the lowest light intensity, where it increased instead (Fig. 3) . Trait evenness decreased more rapidly over time with increasing light intensity. Moreover, the rate of change in evenness over time was a nearly linear function of light intensity in both species (Fig. 4, top panels) , consistent with our predictions. However, trait evenness decreased faster in M. aeruginosa, which also showed a much broader range of TED values compared to P. subcapitata, especially under direct light (Fig. 4, bottom panels) .
Linear models of the rate of change in trait evenness explained between 75 and 93% of the variance (p < 0.01) in both P. subcapitata and M. aeruginosa (Table 1a ). Both P. subcapitata and M. aeruginosa displayed curves that appeared to be steeper under direct than under indirect light (Fig. 4, top panels) . However, the slopes of the three competition treatments (including mixed cultures) did not differ significantly, as indicated by the addition of the interaction between light intensity and shading in the global model (P. subcapitata: p = 0.10; M. aeruginosa: p = 0.41).
Trait evenness at carrying capacity also decreased with increasing light intensity (Fig. 4, bottom panels) ; this decrease was statistically significant in all linear models with the exception of P. subcapitata in mixed cultures (Table 1b) . Explained variance ranged between 12 and 81% (Table 1b) . The slopes of the three competition treatments were not significantly different for M. aeruginosa (interaction between light intensity and shading: p = 0.10). On the contrary, in P. subcapitata, trait evenness at carrying capacity showed a more negative slope under direct than indirect light (Fig. 4, bottom panels) , as shown by the significant interaction (p = 0.01) between light intensity and shading in the global model. 
Discussion
Our data show strong experimental evidence that (1) variation in resource availability leads to changes in phenotypic trait combinations in phytoplankton that are detectable at both interspecific and intraspecific levels and, (2) under limited resource (light) supply, trait similarity among cells tends to be minimised. Phytoplankton increased their phenotypic heterogeneity concomitantly reducing their trait similarity with heterospecific or conspecific individuals. We interpret this to mean that under conditions of light limitation, individual phytoplankton cells alter their phenotype in a manner that reduces overlap in photosynthetic traits, thereby increasing light acquisition and maximising individual success. This leads to an increase in trait evenness when light intensity is low.
It has been suggested that considering several components of trait diversity can help characterise complex changes in multidimensional trait space and effectively link phenotypic variation to community structural and functional properties [15, 26, 28] . In this study, we used different light regimes to manipulate resource limitation and competition, although one could argue that light limitation represents an environmental factor that typically constrains the number of viable trait combinations, thus reducing trait range and consequently increasing phenotypic similarity [29, 30] . Our observed patterns of an increase in trait evenness are not in contradiction with a possible, simultaneous contraction of the trait space covered (which would constitute a reduction in trait richness). We note here that TED, our metric of trait evenness, measures trait regularity independent of the absolute distances between individual phenotypes [26] and reflects the tendency to maximise those distances given any trait range. Thus, trait evenness is not necessarily related to the overall trait space covered (i.e., trait richness). In our data, trait richness (TOP index) showed a pattern very similar to trait evenness (TED) in M. aeruginosa (Supplementary Fig. S8 ). In contrast, trait richness in P. subcapitata did not change in a consistent way over time and across light intensity treatments (Supplementary Fig. S8 ). In other words, M. aeruginosa increased both trait evenness and richness as a response to low light, whereas P. subcapitata mainly maximised evenness within the available and constant trait space. This result was probably due to a lower plasticity in pigment-related traits in P. subcapitata than in M. aeruginosa.
The patterns revealed by the analysis of multidimensional trait diversity indices are evident in the dynamics of the individual fluorescence distributions ( Fig. 5; Supplementary Fig. S9-S13) . Interestingly, these plots show substantial changes in total fluorescence over time. Observed shifts in fluorescence during the experiment were much more dramatic in M. aeruginosa than in P. subcapitata, again consistent with our interpretation of the multidimensional indices. The fluorescence distribution dynamic plots also highlight some of the reasons behind changes in trait evenness and richness across light intensities. For example, in M. aeruginosa under low light, broader bands indicate higher richness (it is important to consider the log-scale of the Y-axes to correctly evaluate bandwidth), while less variation in colour suggests higher evenness ( Fig. 5; Supplementary Fig. S12-S13 ).
Although we expected increased light limitation-and consequently stronger changes in trait evenness-as a consequence of shading by another species, we were unable to detect clear differences between direct light, indirect light and mixed cultures. This might suggest that P. subcapitata and M. aeruginosa occupy distinct light niches and the patterns we observed were mainly driven by intraspecific competition.
Trait evenness decreased faster and showed a broader range of values in M. aeruginosa (Figs. 3, 4) compared to P. subcapitata. M. aeruginosa also outperformed P. subcapitata in terms of growth in the mixed cultures, under all light levels ( Supplementary Fig. S1-S6 ). These results suggest that the cyanobacterium is capable of high photosynthetic trait plasticity, as has been previously shown for this group (e.g., [17, 31] ). It may also benefit from faster growth rates and a broader array of available pigments compared to the green alga [32, 33] . The importance of phenotypic plasticity (adjustment of pigment ratios to the prevailing light spectrum) in determining the outcome of competition for light has been demonstrated before in phytoplankton, but only at the interspecific level [17] . Most likely in our case, phenotypic changes can be ascribed to plasticity on short time scales (days to weeks) after treatments were applied (Fig. 3) , while selection on standing genetic variation and evolution (in form of differential reproductive success of genotypes) could have played a role in the patterns towards the end of the experiment [34] . More work will be needed in the future to understand the relative importance of plasticity and evolution in shaping the patterns observed here. Similarly, the generality of our findings across other taxonomic groups, morphological and physiological traits or resource gradients needs to be confirmed by further research.
This study however supports the hypothesis that the regularity in the distribution of individuals along multiple resource acquisition axes increases with decreasing resource availability. Our results reinforce previous findings that resource limitation increases phenotypic heterogeneity in microbes [13] , and indicate that a highly restrictive abiotic environment (i.e., low light) does not necessarily select for a reduced trait variability, as often assumed in ecology (the environmental filtering hypothesis) [35] . Instead of convergence towards an optimal phenotype, survival under low resource conditions in our experiment may have induced cellular processes increasing phenotypic variation to find new and beneficial strategies, thereby increasing inter-individual phenotypic distances in trait space. This finding is consistent with the hypothesis that high trait evenness emerges in conditions in which it is advantageous to minimise competition for a limiting resource. On the contrary, when resources are not limiting, organisms may converge towards a limited range of phenotypic profiles that enable fast growth. This argument may also apply to other resources that are available in multiple forms (analogously to light wavelengths), as it is the case for some nutrients (e.g., [13] ). In summary, we report novel empirical findings into how resource availability can shape phenotypes in a competitive environment, and demonstrate that conspecific and heterospecific phytoplankton cells tend to differentiate their pigment profile under conditions of low light intensity. Our results represent a step forward in elucidating the mechanisms that maintain coexistence in populations and communities over resource gradients.
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